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The Ebola filoviruses are aggressive pathogens that cause severe and often lethal hemorrhagic fever
syndromes in humans and nonhuman primates. To date, no effective therapies have been identified. To analyze
the entry and fusion properties of Ebola virus, we adapted a human immunodeficiency virus type 1 (HIV-1)
virion-based fusion assay by substituting Ebola virus glycoprotein (GP) for the HIV-1 envelope. Fusion was
detected by cleavage of the fluorogenic substrate CCF2 by (3-lactamase-Vpr incorporated into virions and
released as a result of virion fusion. Entry and fusion induced by the Ebola virus GP occurred with much slower
kinetics than with vesicular stomatitis virus G protein (VSV-G) and were blocked by depletion of membrane
cholesterol and by inhibition of vesicular acidification with bafilomycin Al. These properties confirmed earlier
studies and validated the assay for exploring other properties of Ebola virus GP-mediated entry and fusion.
Entry and fusion of Ebola virus GP pseudotypes, but not VSV-G or HIV-1 Env pseudotypes, were impaired in
the presence of the microtubule-disrupting agent nocodazole but were enhanced in the presence of the
microtubule-stabilizing agent paclitaxel (Taxol). Agents that impaired microfilament function, including cy-
tochalasin B, cytochalasin D, latrunculin A, and jasplakinolide, also inhibited Ebola virus GP-mediated entry
and fusion. Together, these findings suggest that both microtubules and microfilaments may play a role in the
effective trafficking of vesicles containing Ebola virions from the cell surface to the appropriate acidified
vesicular compartment where fusion occurs. In terms of Ebola virus GP-mediated entry and fusion to various
target cells, primary macrophages proved highly sensitive, while monocytes from the same donors displayed
greatly reduced levels of entry and fusion. We further observed that tumor necrosis factor alpha, which is
released by Ebola virus-infected monocytes/macrophages, enhanced Ebola virus GP-mediated entry and fusion
to human umbilical vein endothelial cells. Thus, Ebola virus infection of one target cell may induce biological
changes that facilitate infection of secondary target cells that play a key role in filovirus pathogenesis. Finally,
these studies indicate that pseudotyping in the HIV-1 virion-based fusion assay may be a valuable approach

to the study of entry and fusion properties mediated through the envelopes of other viral pathogens.

The Ebola and Marburg filoviruses are highly pathogenic
viruses that induce hemorrhagic fevers in humans and nonhu-
man primates (4, 28). Mortality rates range as high as 88% (40,
55, 56). Of the four identified strains of Ebola virus, Zaire,
Ivory Coast, Sudan, and Reston, the Zaire strain induces the
highest death rates in humans, while the Reston strain has not
caused fatal disease in humans (27, 56). The clinical syndrome
includes generalized changes in capillary integrity, hypoten-
sion, coagulation disorders with variable degrees of hemor-
rhage, and widespread focal tissue destruction. Mononuclear
phagocytic cells form the primary targets for filovirus replica-
tion, while endothelial cells serve as secondary targets.

Currently, no effective antiviral therapy is available for
Ebola virus infection in humans. Understanding the molecular
basis for Ebola virus infection could facilitate the development
of new therapeutic approaches. Since viral entry is a very prox-
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imal step in the life cycle of the Ebola virus, this process merits
further study.

Most studies of viral entry have been performed with either
pseudotyped virions in infectivity assays or artificial cell-to-cell
fusion assays. Almost without exception, the entry of the
pseudotyped virus has been monitored with an enzyme or
other biological marker that is expressed when the virus sub-
sequently replicates. Thus, expression of the reporter gene
reflects not only the early entry and fusion step but also many
postfusion events. As such, these assays are not optimal for the
study of virion fusion. Cell-to-cell fusion assays have several
potential drawbacks, including pronounced differences in the
density of envelope proteins displayed on transfected cells
versus virions, differences in the membrane lipid composition
of the virions and cells, and the inability of these assays to
detect entry that is contingent upon endocytosis of virions.

Recently, a sensitive, specific, and quantitative assay that
detects the fusion of human immunodeficiency virus type 1
(HIV-1) virions to target cells was described (7). This assay
utilizes HIV virions containing a chimeric B-lactamase—Vpr
(BlaM-Vpr) protein. Because Vpr binds to the p6 component
of the HIV-1 Gag polyprotein, this protein chimera is effi-
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ciently incorporated into newly formed virions. Subsequent
fusion of these BlaM-Vpr-containing virions to target cells is
detected by the cleavage of the fluorogenic substrate CCF2,
which is loaded into the target cells. Endocytosis of HIV viri-
ons that do not fuse is not scored in this assay. Cleavage of the
B-lactam ring in the CCF2 dye by the B-lactamase component
of BlaM-Vpr alters the excited fluorescence emission spectrum
of the dye from 520 nm (green) to 447 nm (blue). Fusion can
be detected by either epifluorescence microscopy or flow cy-
tometry. Because virtually all cell types are amenable to load-
ing with CCF2, this assay can be used to study HIV-1 fusion in
biologically relevant cellular targets, including primary CD4-
expressing T lymphocytes and macrophages.

We hypothesized that it might be possible to study the entry
and fusion properties of other viral envelopes by constructing
pseudotyped HIV-1 virions where the HIV-1 envelope (Env) is
replaced with the Env protein from a pathogenic virus of in-
terest. We now describe the production of Ebola virus glyco-
protein (GP) pseudotypes of HIV-1, validation of the assay,
and the use of these pseudotypes to characterize new features
of Ebola virus GP-mediated entry and fusion in biologically
relevant target cells.

MATERIALS AND METHODS

Cells, plasmids, and antibodies. HEK293T cells (23), HeLa cells, and HeLa-
CD#4 cells (35) were cultured in Dulbecco’s modified Eagle’s medium (Cellgro,
Herndon, Va.) supplemented with 10% fetal bovine serum (FBS; Gemini Bio-
Products, Tarzana, Calif.), L-glutamine, and antibiotics. HeLa cells were used to
study the entry and fusion of Ebola virus GP- or vesicular stomatitis virus G
protein (VSV-G)-pseudotyped virions, while HeLa-CD4 cells were employed in
assays comparing the fusion of HIV-1 Env-containing virions.

To prepare monocyte-derived macrophages, buffy coats from healthy volun-
teer donors were obtained from Stanford Blood Center (Palo Alto, Calif.).
Peripheral blood mononuclear cells were isolated by Ficoll-Paque (Amersham
Pharmacia Biotech, Uppsala, Sweden) density gradient centrifugation. Mono-
cytes and peripheral blood lymphocytes (PBLs) were separated from peripheral
blood mononuclear cells by using CD14 microbeads (Miltenyi Biotech, Sunny-
vale, Calif.). Isolated monocytes were >95% CD14™". To promote differentiation
into macrophages, monocytes were allowed to adhere to plastic and cultured for
5 days in RPMI 1640 medium (Cellgro) supplemented with 10% human AB-
positive serum (Gemini Bio-Products) and 10% FBS. Human umbilical vein
endothelial cells (HUVECs) were purchased from Cambrex (Walkersville, Md.)
and cultured in endothelial cell basal medium 2 (Cambrex).

An HIV molecular clone lacking the Env gene (pNL4-3 Aenv) was constructed
by blunting at the Nhel site present in the envelope coding region of HIV-1
NL4-3. The BlaM-Vpr expression vector (p)CMV-BlaM-Vpr) was constructed as
previously described (7). Briefly, the coding region of BlaM was cloned from the
GeneBLAzer B-lactamase vector (Aurora Bioscience, San Diego, Calif.) and
linked to the N terminus of Vpr separated by a six-residue glycine spacer.

The Ebola-Zaire viral envelope GP (Ebola virus GP) expression vector was
constructed by cloning cDNA encoding Ebola virus GP (generously provided by
A. Sanchez, Centers for Disease Control and Prevention, Atlanta, Ga.) into the
mammalian expression pCMVneo expression vector (22) as described elsewhere
(18). VSV-G and CXCR4 (X4)-tropic HIV-1yxg, Env expression vectors were
obtained from the NIH AIDS Research and Reference Reagent Program (9, 37).
Anti-Ebola virus GP; monoclonal antibody was kindly provided by M. K. Hart
(U.S. Army Medical Research Institute of Infectious Diseases) (53).

Chemical reagents, cytokines, and cell treatment. Bafilomycin Al, (2-hy-
droxypropyl)-B-cyclodextrin, nocodazole, and paclitaxel (Taxol) were purchased
from Sigma-Aldrich (St. Louis, Mo.). To inhibit endosomal and lysosomal acid-
ification, cells were preincubated with medium containing various concentrations
of bafilomycin Al (5 to 500 nM) for 1 h before the fusion experiments were
initiated. To deplete cholesterol in the cell membrane, cells were pretreated with
medium containing B-cyclodextrin (1 to 25 mM) for 1 h prior to the initiation of
the experiments. Before the addition of the virus, cells were washed extensively
with phosphate-buffered saline (PBS) to minimize effects of B-cyclodextrin on
the virions. To disrupt or stabilize microtubules, cells were precultured in me-
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dium containing nocodazole (0.4 to 10 uM) or paclitaxel (0.8 to 20 uM), respec-
tively, for 30 min prior to experimentation. All of these drugs were maintained
in the culture medium throughout the fusion assay. To examine the effects of
microfilaments on the viral entry and fusion, cells were cultured with cytochalasin
B (CytB) (Sigma-Aldrich) (0.2 to 20 pM), cytochalasin D (CytD) (Sigma-Al-
drich) (0.2 to 20 uM), jasplakinolide (Jas) (Molecular Probes, Eugene, Oreg.)
(0.04 to 1 pM), or latrunculin A (LatA) (Molecular Probes) (0.04 to 1 wM) for
30 min prior to the virion-based fusion assay. These agents were also maintained
in the medium throughout the fusion experiments. To test the effects of the
proinflammatory cytokines tumor necrosis factor alpha (TNF-a) and interleukin
1B (IL-1B), which are released by Ebola virus-infected monocytes/macrophages,
HUVECs were treated with recombinant human TNF-« (0.1 to 10 ng/ml) (Bio-
source, Camarillo, Calif.) or IL-1B (10 to 1,000 pg/ml) (eBioscience, San Diego,
Calif.) for 24 h prior to analysis in the virion fusion assay.

Pseudotyped virions. To produce the pseudotyped virions containing either
the Ebola virus GP, VSV-G, or HXB2 envelopes, HEK293T cells were cotrans-
fected with expression vectors encoding BlaM-Vpr, NL4-3Aenv, and Ebola virus
GP, VSV-G, or HIV-1yxg, Env. After 48 h, virion-containing supernatants were
harvested, centrifuged at low speed to remove cellular debris, and ultracentri-
fuged at 72,000 X g for 90 min to concentrate the virions. Viral stocks were
normalized based on p24-Gag content quantitated by enzyme-linked immu-
nosorbent assay (Perkin-Elmer, Boston, Mass.).

Virion-based fusion assay. Target cells were incubated with virions containing
BlaM-Vpr at 37°C for 3 h, washed in CO,-independent medium (Gibco-Invitro-
gen, Carlsbad, Calif.), and loaded with CCF2-AM dye at room temperature for
1 h as recommended by the manufacturer (Invitrogen, Carlsbad, Calif.). After
two additional washes in medium, the BlaM-CCF2-AM reaction was allowed to
develop at room temperature for at least 7 h in medium supplemented with 10%
FBS and 2.5 mM probenecid, a nonspecific inhibitor of anion transport (Sigma-
Aldrich). No antibiotics were added to the culture medium. Finally, cells were
washed twice with PBS and fixed in a 1.2% paraformaldehyde solution prior to
analysis. The change in emission fluorescence of CCF2 after cleavage by BlaM-
Vpr was monitored by flow cytometry using a three-laser Vantage-SE flow
cytometer (Becton Dickinson, San Jose, Calif.).

Immunofluorescence assays. HeLa cells were cultured to confluence on cov-
erslips in six-well dishes. After exposure to various reagents, the cells were fixed
in 3.7% formaldehyde, permeabilized with 0.5% Triton X-100, stained with
anti-a-tubulin monoclonal antibody (B-5-1-2 clone; Sigma-Aldrich), washed with
0.1% Tween 20, and stained with fluorescein isothiocyanate-conjugated anti-
mouse immunoglobulin G (Jackson Immunoresearch Laboratories, West Grove,
Pa.). The coverslips were then mounted on slides, and the cells were examined
on an immunofluorescent microscope (Eclipse TE300; Nikon, Tokyo, Japan).
For staining of actin filaments, cells on the coverslips were fixed, permeabilized
with 0.1% Triton X-100, and stained with Texas Red-X phalloidin (Molecular
Probes) or anti-B-actin monoclonal antibody (Sigma-Aldrich) followed by stain-
ing with Texas Red-conjugated anti-mouse immunoglobulin G (Jackson Immu-
noresearch Laboratories). The coverslips were then analyzed on an immunofiu-
orescent confocal microscope (Olympus BX60; Olympus, Tokyo, Japan).

RESULTS

Virion-based fusion assay using pseudotyped viruses. The
incorporation of BlaM-Vpr protein into the pseudotyped viri-
ons was confirmed by immunoblotting of lysed virions with
anti-Vpr polyclonal antibodies (Fig. 1A). Pseudotyped viruses
were prepared as described above, ultracentrifuged, and lysed
in Laemmli sample buffer containing 5% 2-mercaptoethanol.
Wild-type Vpr was detected in all virions, but the BlaM-Vpr
chimera was detected only in the virions derived from cells
cotransfected with the BlaM-Vpr expression vector DNA. Sim-
ilarly, Ebola virus GP Env protein was detected in Ebola virus
GP-pseudotyped virions by using an anti-Ebola virus GP
monoclonal antibody (Fig. 1, lane 2) but not in VSV-G-
pseudotyped virions (lane 3) or control (no-Env) virions (lane
1).

Next, we tested the ability of HIV-1 virions pseudotyped
with Ebola virus GP or VSV-G to enter and fuse to HeLa cells.
HeLa cells were incubated with the virions for 3 h at 37°C,
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FIG. 1. (A) Incorporation of BlaM-Vpr and Ebola virus GP into
pseudotyped HIV virions. Pseudotyped virions were lysed and ana-
lyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and immunoblotting with anti-Vpr polyclonal antibody, anti-p24 Gag
monoclonal antibody, or anti-Ebola virus GP mononclonal antibody.
(B) Virion-based fusion assay using viral particles pseudotyped with
different viral envelopes. HeLa cells were incubated with Ebola GP- or
VSV-G-pseudotyped viruses for 3 h at 37°C, and fusion was assayed as
described in Materials and Methods. Events occurring within the gate
drawn based on data obtained with no-Env virus reflect fusion in this
subset of cells. Percent fusion with each viral pseudotype is noted in
the insets.

1 2 3

washed twice, loaded with CCF2-AM, and analyzed by flow
cytometry. Although we observed no significant increase in
blue fluorescence in the no-Env virus-infected control, ~8 to
9% of cells incubated with Ebola virus GP-pseudotyped virions
and ~22% of cells incubated with VSV-G-pseudotyped virions
displayed increased blue fluorescence (447 nm) (Fig. 1B).
These results suggest that the BlaM-Vpr protein chimera
present in the pseudotyped virions can be used to detect entry
and fusion of HIV-1 virions pseudotyped with either the Ebola
virus GP or VSV-G proteins. However, additional studies of
the properties of Ebola virus GP-mediated virion entry and
fusion were required to validate that the entry pathway utilized
was identical to that described for this filovirus.

Comparison of the time course of Ebola virus GP-
pseudotyped virion entry versus that of VSV-G-pseudotyped
virions. We next compared the time required for virion entry
and fusion mediated by Ebola virus GP and VSV-G. A previ-
ous study demonstrated that Ebola virus GP- or Marburg virus
GP-mediated entry occurs much more slowly (time required to
reach 50% of the maximum entry and fusion events [T} ,], 3 to
4 h) than VSV-G (T, of 1 to 1.5 h) (11). Cells were incubated
with Ebola virus GP- or VSV-G-pseudotyped virions at 4°C for
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1 h and washed to remove unbound viral particles. Postadsorp-
tive events required for entry and fusion were initiated by
replacing the medium with prewarmed (37°C) medium and
shifting the cells to 37°C. At the conclusion of each incubation,
cells were washed with ice-cold PBS and treated with trypsin to
remove surface bound virions. All the samples were loaded
with CCF2-AM at the same time. Inspection of the time course
for entry and fusion of Ebola virus GP-pseudotyped virions
revealed a T, of ~50 min, while the VSV-G-pseudotyped
virions displayed a T, of ~20 min (Fig. 2A). Although Ebola
virus GP-mediated kinetics of virion entry were slower than
those of VSV-G, in agreement with the previous study (11), the
T,,, required for entry and fusion of both types of the virions
was shorter. It is possible that these differences stem from the
use of different target cells (HeLa in our studies and HEK293T
in reference 11). Nevertheless, Ebola virus GP-pseudotyped-
virion entry and fusion were approximately 2 to 2.5 times
slower than VSV-G-pseudotyped-virion entry and fusion in
both studies.

Cholesterol depletion from membranes impairs Ebola virus
GP-pseudotyped-virion entry and fusion. Prior studies have
implicated the involvement of lipid rafts in both filovirus bud-
ding and entry (3, 11). In agreement with these prior studies,
we found that disruption of lipid rafts by depletion of choles-
terol with B-cyclodextrin produced dose-related decreases in
the entry and fusion of Ebola virus GP-pseudotyped virions
(Fig. 2B). As a positive control, such treatment of B-cyclodex-
trin inhibited HIV-1xp, Env-mediated entry and fusion (34,
41). Conversely, the entry and fusion of VSV-G-pseudotyped
virions, which are known to utilize the clathrin-mediated en-
docytotic pathway (49), were not impaired and in fact were
slightly enhanced by B-cyclodextrin. These studies further sug-
gest that the fusion events measured with the Ebola virus
GP-pseudotyped virions reflect utilization of the expected post-
adsorptive pathway. Whether the pathway accessed by Ebola
virus GP involves caveolae remains controversial (11, 44).

Ebola virus entry and fusion are pH dependent and require
vesicular acidification. Prior studies have suggested that Ebola
virus GP-mediated entry and fusion require acidification
within an internal vesicle (8, 50, 54). To test whether acidifi-
cation is required for detection of entry and fusion with Ebola
virus GP-pseudotyped virions, target cells were pretreated with
the vacuolar ATPase inhibitor bafilomycin Al for 1 h at 37°C,
followed by incubation with virions pseudotyped with Ebola
virus GP, VSV-G, or HIV-1;,«5, Env. Bafilomycin Al treat-
ment almost completely blocked the detection of entry and
fusion mediated by Ebola virus GP and VSV-G but had little
effect on fusion induced by HIV-1;,xp, Env in these HeLa-
CD#4 cells (Fig. 2C). Of note, bafilomycin Al treatment has
been shown to enhance HIV fusion or productive entry in
other cell types, including primary CD4 T lymphocytes (43)
and HeLa Magi cells (14). These data confirm that acidifica-
tion is required for the detection of Ebola virus GP-
pseudotyped-virion entry and fusion with the B-lactamase-Vpr
reporter system. These kinetics, plus the dependence on cho-
lesterol and vesicle acidification, support the notion that the
Ebola virus GP-pseudotyped virions access the expected entry-
and-fusion pathway utilized by filoviruses.

Comparison of Ebola virus GP-pseudotyped-virion fusion to
monocytes and macrophages. Having validated the use of
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FIG. 2. (A) Entry and fusion kinetics. The time courses of Ebola
virus GP- and VSV-G-pseudotyped virion entry and fusion were stud-
ied. Ebola virus GP- or VSV-G-pseudotyped virions were prebound to
cells at 4°C for 1 h. After thorough washing to remove unbound viral
particles, entry and fusion were initiated by shifting the cells to 37°C.
At various times, cells were washed with ice-cold PBS and treated with
trypsin to terminate the fusion reaction. Values represent the extent of
fusion relative to the maximum level of fusion obtained. (B) Effect of
the cholesterol-sequestering agent B-cyclodextrin on Ebola virus GP-,
VSV-G-, or HIV-1};x5, Env-mediated entry and fusion. Cholesterol
was depleted with the cholesterol-binding resin B-cyclodextrin. HeLa
cells were treated with graded doses of cyclodextrin for 30 min at 37°C,
washed three times to deplete the reagent, and incubated with Ebola
virus GP-, VSV-G-, or HIV-1};xg, Env-pseudotyped virions, and entry
and fusion were measured. Cells were pretreated with various concen-
trations of B-cyclodextrin for 30 min at 37°C and thoroughly washed
three times with PBS. The cells were then incubated with pseudotyped
virions for 3 h at 37°C, and fusion was measured. (C) Effects of
bafilomycin Al on Ebola virus GP-, VSV-G-, and HIV-1x5, Env-
pseudotyped virus entry and fusion. Cells were pretreated with various
concentrations of bafilomycin Al at 37°C for 1 h and incubated with
each of the indicated pseudotyped virions at 37°C for 3 h. Bafilomycin
Al was maintained in the cultures throughout the experiment. Values
are levels of fusion relative to that in untreated controls.
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FIG. 3. Ebola virus GP-mediated entry and fusion to human mono-
cyte-derived macrophages. (A) Monocyte-derived macrophages were
incubated for 3 h with BlaM-Vpr-containing virions lacking Env or
pseudotyped with Ebola virus GP, HIV-1x5,, or VSV-G. (B) Effi-
ciency of Ebola virus GP-mediated entry and fusion in human mono-
cytes versus macrophages. Human monocytes and macrophages (2 X
10°) derived from six donors were incubated with the same concentra-
tion of Ebola virus GP pseudotypes for 3 h. Percentages of blue cells
represent cells supporting virion entry and fusion. Error bars indicate
standard deviations derived from triplicate samples.

Ebola virus GP pseudotypes in the virion-based fusion assay,
we next investigated entry and fusion of these pseudotyped
virions in physiologically relevant target cells. Specifically, we
incubated either primary monocytes or monocyte-derived mac-
rophages, key targets of Ebola virus infection in humans, with
virions pseudotyped with Ebola virus GP, HIV-1,;xg, Env, or
VSV-G for 3 h at 37°C. Entry and fusion of Ebola virus GP-
pseudotyped virions were detected in ~14% of the macro-
phages, while HIV-1,;xp, Env- and VSV-G-mediated entry
and fusion were detected in ~6 and ~76% of the macro-
phages, respectively (Fig. 3A). Conversely, and consistent with
prior results (17, 19, 42, 58), Ebola virus GP pseudotypes did
not detectably fuse to either unstimulated PBLs or phytohem-
agglutinin-activated PBLs (<0.05%; data not shown). It has
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been reported that both macrophages and monocytes from
humans and nonhuman primates are susceptible to Ebola virus
infection (13, 17, 19, 21, 24, 45, 46). Stroher and colleagues
have in fact reported similar replication of filoviruses in mono-
cytes and macrophages in vitro by utilizing an immunoplaque
assay (46). Using matched monocytes and macrophages from
six donors, we observed much lower levels of Ebola virus GP-
mediated entry and fusion with monocytes than macrophages
(Fig. 3B). These findings raise the possibility that key receptors
required for efficient Ebola virus entry and fusion, while
present on monocytes, may be upregulated as a consequence
of the differentiation of monocytes into macrophages. Other
postadsorption differences in the handling of the Ebola virus
GP-pseudotyped virions could also contribute to these differ-
ences. Whether macrophages display a postfusion impairment
in Ebola virus replication that could explain the differences in
our results with those of Stroher et al. is unknown. Neverthe-
less, our findings reveal that monocytes display decreased sus-
ceptibility to Ebola virus GP-mediated entry and fusion com-
pared with macrophages.

Cytoskeletal proteins play a key role in Ebola virus GP-
mediated entry and fusion. Ebola virus enters target cells by an
endocytic pathway (18). Subsequent trafficking of internalized
vesicles within the cell often depends on various components
of the cytoskeleton. For example, the transfer of internalized
cargoes from early endosomes to late endosomes is dependent
on intact microtubules (36). To assess whether microtubules
are required for effective Ebola virus GP-mediated entry and
fusion, we tested the effects of reagents that either inhibit or
enhance microtubule assembly. Treatment of HeLa cells with
nocodazole, which effectively disrupted microtubules based on
staining with a-tubulin (Fig. 4A), inhibited Ebola GP-medi-
ated entry and fusion in a dose-dependent manner (Fig. 4B). In
contrast, entry and fusion of VSV-G and HIV-1;xg, Env
pseudotypes were not affected by nocodazole. Similar differ-
ential effects on virion entry and fusion were obtained with
colchicine, a second microtubule-disrupting agent (data not
shown). In contrast, when cells were treated with taxol, which
stabilizes microtubules by enhancing bundle formation (Fig.
4A), a marked enhancement of Ebola virus GP-mediated entry
and fusion was observed (Fig. 4C). Consistent with the micro-
tubule disrupting experiments, entry and fusion of VSV-G and
HIV-1,;xp, Env pseudotypes were not altered by pretreatment
of the cells with taxol.

Next, we assessed whether paclitaxel altered the kinetics of
entry and fusion mediated through Ebola virus GP. As de-
scribed above, viruses and target cells were mixed and allowed
to bind at 4°C. Such treatment at 4°C induces microtubule
depolymerization (51). We independently confirmed that cool-
ing of HeLa cells to 4°C resulted in depolymerization of mi-
crotubules, based on differences in the immunostaining pattern
obtained with anti-a-tubulin antibodies (data not shown).
Ebola virus GP-pseudotyped virions entered more rapidly in
the presence of taxol than in the absence of taxol (Fig. 4D).
Conversely, taxol exerted no effects on the kinetics of entry and
fusion observed with the VSV-G-pseudotyped virions. These
findings further support the conclusion that intact microtu-
bules play an important role in Ebola virus entry and fusion,
perhaps due to microtubule-dependent trafficking of virus-con-
taining vesicles within the cell to the site of fusion.

J. VIROL.

Next, we examined the effects of chemical agents that affect
the integrity and/or function of actin filaments on the entry and
fusion of Ebola virus GP pseudotypes. When HeLa cells were
treated with CytB or CytD, we observed that actin filaments
were disrupted based on staining with phalloidin (Fig. 5A) and
that the entry and fusion of Ebola virus GP pseudotypes were
inhibited in a dose-dependent manner (Fig. 5B and C). VSV-
G-mediated entry and fusion were slightly attenuated. Both
positive and negative effects of the cytochalasins have been
previously described for VSV infection (20, 30, 48). Consistent
with a prior report (6), HIV-1;;xp, Env-mediated fusion was
not affected by the cytochalasins. Treatment with LatA, which
sequesters actin monomers (Fig. 5A), also inhibited the entry
and fusion of Ebola virus GP pseudotypes while not affecting
either VSV-G or HIV-1;,x5, Env-mediated entry and fusion
(Fig. 5D). We similarly tested Jas, which binds to and stabilizes
actin filaments. No detectable labeling was observed by using
phalloidin staining, consistent with the fact that Jas and phal-
loidin compete for the same binding on actin (5). This result
indicates that the phalloidin binding sites were occupied by Jas
in these cells. Using antiactin antibodies for staining, we ob-
served aggregation of actin filaments by Jas (Fig. SA), consis-
tent with a recent report (6). When the cells were treated with
Jas, Ebola virus GP-mediated entry and fusion were inhibited
in a dose-dependent manner (Fig. SE). In contrast, neither
VSV-G nor HIV-1;;x5, Env-mediated entry and fusion were
affected. Together, these findings suggest that actin filaments
also play a key role in the entry and/or fusion of Ebola virus GP
pseudotypes.

TNF-« enhances Ebola virus entry and fusion. Several in-
flammatory cytokines, including TNF-«, alpha interferon
(IFN-a), IFN-vy, and IL-1p, are present in increased amounts
in the plasma of patients infected with Ebola virus (1, 2, 33,
52). Increases in plasma TNF-a and IFN-y levels are associ-
ated with fatal infection, whereas elevated IL-1B and IL-6
during the symptomatic phase are often associated with non-
fatal infection (1, 52). These cytokines are also secreted by
filovirus-infected monocytes and macrophages in vitro. How-
ever, the precise function of these cytokines in Ebola virus-
induced pathogenesis remains controversial. Using the
pseudotyped virion entry and fusion assay, we investigated
whether these cytokines altered Ebola virus GP-mediated en-
try and fusion. Ebola virus GP-mediated entry and fusion were
detectable in HUVECs; endothelial cells form important sec-
ondary cellular targets for Ebola virus infection in vivo, and
their infection plays a key role in filovirus disease progression.
When HUVECs were treated with TNF-a for 24 h and then
cultured with Ebola virus GP or VSV-G pseudotypes, we ob-
served enhanced entry and fusion of the Ebola pseudotypes
but only slight inhibition of the entry and fusion of the VSV-
G-pseudotyped virions (Fig. 6A). In contrast, treatment with
IL-1B for 24 h did not similarly enhance entry and fusion of
Ebola virus GP-pseudotyped virions with HUVECs (Fig. 6B).
These enhancing effects of TNF-a did not appear to involve
more extensive microtubule polymerization in the HUVECs,
based on a-tubulin staining patterns (data not shown). These
findings raise the possibility that TNF-a, produced as a conse-
quence of Ebola virus infection of macrophages, may increase
the susceptibility of endothelial cells to infection with this viral
pathogen. Infection of these endothelial cells likely plays a key
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FIG. 4. Effects of the microtubule-disrupting agent nocodazole and
the microtubule-stabilizing agent taxol on Ebola virus GP-pseudotyped
entry and fusion. (A) Effects of nocodazole and taxol on the microtu-
bule network present in HeLa cells. Cells were treated with nocodazole
(10 pM) or taxol (20 wM) for 1 h at 37°C followed by immunostaining
with anti-a-tubulin antibody. (B and C) HeLa or HeLa-CD4 cells were
pretreated with the indicated concentrations of nocodazole (B) or
taxol (C) at 37°C for 30 min and incubated with each of the
pseudotyped virions in the continued presence of each drug at 37°C for
3 h. Values in panels B and C are the levels of fusion relative to that
in untreated controls. (D) Effect of taxol (Tx) on entry and fusion
kinetics. Cells were pretreated with 10 pM taxol or a dimethyl sulfox-
ide control for 1 h at 4°C prior to assessment of entry and fusion
kinetics with the indicated virion pseudotypes. Values represent the
extent of fusion relative to the maximum level of fusion obtained.
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role in the loss of capillary integrity observed in filoviral infec-
tions.

DISCUSSION

Insights into Ebola virus pathogenesis have been compli-
cated by the highly pathogenic nature of this virus and the
requirement for biosafety level 4 containment procedures for
study of the infectious virus. We now describe studies of Ebola
virus GP-mediated entry and fusion employing HIV-1 virions
pseudotyped with Ebola virus GP and containing a BlaM-Vpr
protein chimera that permits detection of the fusion of these
virions. We confirmed what Ebola virus GP is effectively in-
corporated into BlaM-Vpr-containing HIV virions and that the
entry and fusion of Ebola pseudotypes are detectable by flow
cytometry in HeLa cells. Consistent with prior results, the entry
and fusion of Ebola virus GP-pseudotyped virions occurred
with slow kinetics, were blocked by depletion of membrane
cholesterol, and were impaired by inhibition of vesicular acid-
ification with bafilomycin Al. These properties validated the
assay, permitting assessment of other properties of Ebola virus
GP-mediated entry and fusion.

We found that both human monocytes and macrophages
support entry and fusion of Ebola virus GP-pseudotyped viri-
ons. However, levels of entry and fusion were markedly higher
in macrophages than in monocytes despite use of the same
number of cells and the same multiplicity of infection. These
results are somewhat at odds with a prior report indicating that
the replication of filoviruses in monocytes was similar to that
which occurs in macrophages (46). It is possible that postfusion
events in macrophages may slow productive infection in these
cells, giving rise to comparable levels of infection in macro-
phages and monocytes. Our findings suggest that the changes
in gene expression that accompany the differentiation of
monocytes into macrophages are associated with the acquisi-
tion of increased receptivity to Ebola virus GP-mediated entry
and fusion. In terms of the susceptibility of other primary cells
to Ebola virus GP-mediated entry and fusion, we observed that
neither resting PBLs nor mitogen-activated PBLs support this
response. The latter findings are consistent with prior infection
results obtained in vivo (17, 19, 42, 58).

The endocytic pathway has many important cellular func-
tions, including the uptake of extracellular nutrients, regula-
tion of cell surface receptor expression, and antigen presenta-
tion. This pathway is also utilized by viruses, toxins, and
microorganisms to gain entry into cells (36). The cytoskeleton
plays an important role in endocytosis, including the transfer of
cargo from early to late endosomes and the transport of en-
docytosed proteins from one plasma membrane to another by
transcytosis (36). Microtubule-depolymerizing agents like no-
codazole inhibit the uptake of bacteria, such as Listeria mono-
cytogenes (31), and transferrin (25), which are transported from
early endosomes to late endosomes. Entry of enveloped vi-
ruses, such as ecotropic murine leukemia virus, human entero-
virus, simian virus 40, influenza virus, and vaccinia virus, sim-
ilarly requires the presence of an intact microtubule network
(16, 29, 32, 38, 47).

To explore the potential requirement of microtubule-depen-
dent virion transport prior to fusion, we investigated the effects
of the microtubule-disrupting agent nocodazole and the mi-
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crotubule-stabilizing agent taxol on the entry and fusion of

A Untreated Cytochalasin B Cytochalasin D Ebola virus GP, VSV-G, and HIV-1 Env pseudotypes. Ebola
T virus GP-mediated virion entry and fusion were markedly at-

tenuated by nocodazole and enhanced by taxol. Conversely,
these drugs exerted no significant effects on VSV-G-mediated
entry and fusion, which occur in early endosomes. These find-
ings are consistent with the possibility that, after Ebola virions
are internalized, they traffic to a more distal acidified compart-
ment, possibly late endosomes, and that this trafficking re-
quires intact microtubules. This requirement for an additional
Jasplakinolide transport step, compared to VSV-G-pseudotyped virions, also
could explain the slower kinetics of entry and fusion observed
with Ebola virus GP-pseudotyped virions. Alternatively, the
Ebola virus and VSV may utilize distinct cellular entry path-
ways that display a different dependence on microtubules. Fi-
nally, it is possible that disruption of microtubules could dif-
ferentially alter the membrane distribution of key receptors

(phalloidin) (actin) required for Ebola virus GP- versus VSV-G-mediated entry
and fusion.
WEbola GP Actin filaments are also involved in endocytosis or internal-
B i Elixes ization of several ligands and pathogens (10, 12, 15). In terms

of viruses, the entry of simian virus 40 utilizes an endocytic
pathway that requires the presence of actin filaments (39).
However, the role of actin filaments in viral entry into mam-
malian cells remains rather controversial. To assess the role of
actin microfilaments in Ebola virus GP-mediated entry and
fusion, we tested CytB and CytD, which cap actin filaments,
LatA, which sequesters actin monomers by binding to G-actin,

Fusion Relative to
Untreated Control (%)
2 5 3 8 8

’ Cy‘t%zchalasin lil2 (um) and Jas, which stabilizes and promotes actin assembly on the
C entry and fusion of Ebola virus GP, VSV-G, and HIV-1 Env
éE%E*}GP pseudotypes. Ebola virus GP-mediated entry and fusion were
= inhibited by treatment with each of these microfilament agents.
‘3%‘”“ Conversely, VSV-G- and HIV-1 Env-mediated entry and fu-
§§ a1 sion were not significantly affected. These findings suggest that,
%; 60 in addition to microtubules, actin filaments play an important
38 % role in the events controlling Ebola virus GP-mediated entry

S5 2 and fusion.
; 5 : The primary targets of Ebola virus infection are monocytes/
D . :GP ¢ w‘:fc halasin O ) 20 macrqphages, which respond k'>y producing 'and releasing large
BEbole quantities of several chemokines and proinflammatory cyto-
120 A2 kines, including TNF-a, IFN-vy, and IL-18 (13, 21, 24, 26, 46,
2 &100 52). Earlier studies using samples from the infected patients
%._E 80 revealed that elevated levels of TNF-a (236 * 265 pg/ml) in
gé 50 plasma are often present in patients dying of Ebola hemor-
52 . rhagic fever. Conversely, TNF-a levels are lower in patients
if 5 experiencing nonfatal forms of infection (113 =+ 53 pg/ml) (52).
> These results contrast sharply with the elevations of plasma

1

=

0.04 o2
Latrunculin A (M)

E

;E:E—: i FIG. 5. Effects of actin-disrupting or -stabilizing agents on Ebola
virus GP-mediated entry and fusion. (A) Fluorescence labeling of actin
filaments in HeLa cells treated with CytB (20 uM), CytD (20 pM),
LatA (1 wM), or Jas (1 uM) for 30 min at 37 °C followed by labeling
with Texas Red-X phalloidin (CyB, CyD, LatA, and Jas) or anti-B-
actin antibody (Jas). (B to E) HeLa and HeLa-CD4 cells were pre-
treated with the indicated concentrations of CytB (B), CytD (C), LatA
(D), or Jas (E) at 37°C for 30 min and incubated with each of the
pseudotyped virions in the continued presence of each drug at 37°C for
3 h. Values represent the level of entry and fusion relative to that in
untreated controls.

B

Fusion Relative to
Untreated Control (%)
5 5388
|
W
=1
(]

—_
——
=

0.04 0.2
Jasplakinolide (M)



VoL. 79, 2005

>
n
o
=}

HMEbola GP
Ovsv-G

200
150

100+

Fusion Relative to
Untreated Control (%)

o
o

o o1 1
TNF-o (ng/ml)

M Ebola GP
avsv-G

120
100

o ©
o o

Fusion Relative to
=
(=]

Untreated Control (%)

L]
[=]

(=]

0 10 100 1000
IL-13 (pg/ml)

FIG. 6. Effects of TNF-a and IL-1B on Ebola virus GP-mediated
virion entry and fusion in HUVECs. HUVECs were treated with
various concentrations of TNF-a (A) or IL-1B (B) for 24 h, and levels
of entry and fusion obtained with Ebola virus GP and VSV-G
pseudotypes were assessed. Values are levels of fusion relative to that
in untreated controls.

IL-1B that occur in nonfatal Ebola virus infection (~15.2 to
28.3 pg/ml) versus the undetectable levels of IL-1B (<10 pg/
ml) in patients dying of this infection (1). TNF-a released from
infected monocytes/macrophages can produce sharp changes
in vascular permeability through its effects on human endothe-
lial cells (13). We observed that levels of Ebola virus GP-
mediated entry and fusion occurring in HUVECs were in-
creased in a dose-related manner after treatment of these cells
with TNF-a. This finding raises the possibility that changes in
the level of filoviral entry and fusion into endothelial cells
contributes to Ebola virus disease progression. Conversely,
IL-1PB exerts little or no effect on these entry and fusion events
in endothelial cells. TNF-a did not appear to act by stabilizing
microtubule formation in HUVECs, as shown in «-tubulin
staining studies. Overall, these findings suggest that TNF-a
production by macrophages infected with Ebola virus may in
turn promote increased entry and fusion of the virus into key
secondary cellular targets, namely, endothelial cells, thereby
contributing to the profound compromise in vascular integrity
observed in Ebola virus-induced disease.

On a more general note, our studies demonstrate that it is
possible to adapt the HIV-1 virion-based fusion assay to study
the entry properties conferred by other viral envelopes. Our
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studies have focused chiefly on Ebola virus GP-mediated entry,
although VSV-G pseudotypes have also been successfully em-
ployed in our studies and those of Wyma et al. (57). The
availability of this rapid, sensitive, and specific virion fusion
assay could thus facilitate further study of the envelopes of
many pathogenic viruses.
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